The male reproductive system is sensitive to endocrine disrupting chemicals (EDCs) during critical developmental windows. Male Sprague-Dawley rats were exposed in utero-, during lactation-and directly to 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT), 1,1,-dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE) and a mixture of DDT, deltamethrin (DM), pnonylphenol (p-NP) and phytoestrogens, at concentrations found in a malaria-area. After dosing for 104 days, histological assessments and reproductive-endpoints were assessed.
Introduction
Endocrine disrupting chemicals (EDCs) are ubiquitous in the environment and interfere with physiological processes through interactions with nuclear hormone receptors [1] . Hormonal regulation in the reproductive system can be disrupted following exposure to EDCs [2] . Disrupting hormone dependent processes during the sensitive critical developmental windows of gestation may affect development and maturation later in life [3] .
The male reproductive system, particularly the testes, is sensitive to hormonal disruption as it is the site of androgen synthesis. Insufficient androgens in laboratory animals caused by exposure to EDCs may induce reproductive abnormalities [4] , including feminization of males, altered sex ratios and impaired spermatogenesis [5] . However, the association between exposure to environmentally relevant concentrations of EDCs and impaired reproductive health remains unclear [1] .
In South Africa, malaria is a public health threat and various programs are in place to prevent malaria transmission. The Vhembe district of South Africa is characterized by malaria and extensive agricultural activity. Relevant EDCs found malaria areas [6] [7] [8] [9] [10] [11] have been identified as: 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT), 1,1,-dichloro-2,2-bis(p-chlorophenyl) ethylene (DDE), deltamethrin (DM), p-nonylphenol (p-NP) and phytoestrogens (coumestrol, genistein and zearalenone -which have been linked to normal dietary intake). The organochlorine insecticide, DDT, has effectively been used to control mosquitoes in malaria endemic regions, including South Africa [12] . DDT is an EDC with estrogenic properties [2] . The main metabolite of DDT, p,p'-DDE, has anti-androgenic properties -inhibiting the action of natural androgens and binding to receptors [13] . DM is a synthetic pyrethroid, with estrogenic properties and is currently used for malaria indoor residual spraying (IRS) in western type houses and to treat insecticide-treated nets (ITNs) used in malaria vector control programs [14] . Other estrogen agonists are found in environmental ground water, such as p-NP, an anti-oxidant with multiple sources. It is used in the preparation of lubricating oil additives, as a plasticizer in the food packaging industry and is used in the processing of agricultural chemicals [15] . High levels of p-NP cause impaired reproductive development and decreased fertility potential in rats [16] .
Phytoestrogens, genistein and coumestrol, are found in maize and beans which are important food crops in many malaria areas in South Africa [17] . Zearalenone is a nonsteroidal mycotoxin with estrogenic activity commonly found in maize, wheat, barley and rye.
Tropical areas, such as the Vhembe district in South Africa, provide the ideal conditions for zearalenone to invade crops [17] .
The "something from nothing" principle proposes that exposure to a single chemical may have no observed effects, but exposure to several of those chemicals in a mixture, due to synergistic or additive effects, may be significant [18] . During development, exposure to chemicals during the critical androgen-sensitive windows may result in altered embryonic patterning and/or a negative impact on the reproductive system development [2] . Assessing the effects of individual chemicals or mixtures on reproductive development requires laboratory studies of controlled exposures in a regulated environment.
This study investigates the effects of life time exposure (in utero-, lactational-and direct) to a mixture of environmentally relevant EDC concentrations. The response of male reproductive parameters, testicular histology, and associated hormonal changes in SpragueDawley rats to EDCs found in the Vhembe district of South Africa is presented.
Materials and Methods

Study design
Ethical clearance was obtained by the Animal Use and Care Committee of the University of Pretoria prior to the commencement of the project (Project number: H010/11) and in accordance with the South African code for the use and care of animals in research (SANS 10386) [19] . The original Organization for Economic Cooperation and Development (OECD) one generation reproductive toxicology 415 protocol [20] was modified to include a longer prenatal exposure period and additional male specific endocrine sensitive endpoints (Fig 1) .
Animals and housing conditions
The study was performed at the University of Pretoria Biomedical Research Centre (UPBRC) using twenty-four pregnant female Sprague-Dawley rats. Animals were housed according to standard procedures with 12-h-day/night cycles, constant temperature (21 ± 2 °C) and humidity (45% ± 10%) in standard poly-carbonate Eurostandard type III cages, as per standard operating procedures. The animals were maintained on a diet of rodent pellets (Epol rodent cubes, Pretoria, South Africa) and high-pure water. Animals had free access to both food and water.
Experimental design
Twenty-four pregnant females (six pregnant females per group) were assigned into 4 groups and allowed to acclimatize for 3 days, prior to dosing.
Indirect Gestational and Lactational Exposure
P1 females mated (Total n = 24) 7 Day pregnant females μg/kg) were measured in chicken fat samples [6] . DDT concentrations have been measured in the muscle (700.0 µg/kg), fat (240,000.0 µg/kg) and liver (1600.0 µg/kg) tissues of chickens [23] . Mean DDT concentrations of 18, 11, and 9.5 mg/kg in breast milk were reported for three DDT-sprayed villages in South Africa [24] including the highest DDT concentration level ever reported for breast milk from South Africa (140mg/kg) [23] . The dosages chosen in this study mimicked the high levels of DDT exposure measured in South
Africa. All chemical substances were administered by oral gavage at a volume of 1 ml/kg, which was calculated daily and adjusted for body mass. 
Tissue collection and histology preparation
After termination, the anogenital distance (AGD) and body mass was measured. The male rats were viewed at 10x and 40x magnification, using a Nikon BH-2 microscope fitted with a CC-2 digital camera, coupled to a computer with AnalySIS Imaging Processing software (Soft Imaging System, Münster, Germany).
Epididymal sperm count
The left cauda epididymis was used to determine the sperm concentration. The cauda epididymis was separated from the caput-corpus and placed in a petri dish containing 2ml phosphate buffered saline (PBS). The cauda epididymis was macerated to expel the sperm into the medium, which was then transferred to a Falcon tube. With the use of the Neubauer method, the sperm count was expressed as million/ml [25] .
Total testosterone radioimmunoassay procedure
Blood was collected via cardiac puncture prior to death and collected in additive free tubes. The blood was centrifuged and the plasma stored at -80°C. The assay was performed according to the manufacturer's instructions (Immunotech, Marseille, France: Cat number -IM1087). The limit of sensitivity for this total testosterone assay is 0.04 ng/ml. The intraassay coefficient of variation is 8.6% and the inter-assay coefficient of variation is 11.9%.
Statistical analysis
F1 males from the same litter share a common mother, a P1 female, and hence data analysis employed the Survey command in STATA 12 (StataCorp, TX, USA) [26] to deal with the dependence of data within litters (i.e. clusters). In total 16 clusters of F1 males were analyzed using Survey Linear Regression. The exposed groups (groups B-D) were compared to the control group (Group A), at the 0.05 level of significance. Additionally, group B was compared to group D to assess the possible effect of exposure to a single chemical compared to exposure of the same chemical in a mixture. Furthermore, differences among the exposed groups were assessed using the adjusted Wald Test at the 0.05 level of significance. Groups were compared with respect to endpoint values of the study parameters. In the analysis of the endpoint AGD, the value at baseline and the body weight was adjusted for.
Results
Anogenital distance
Shorter AGDs were recorded in the mixture-exposed group (15.20mm; P = 0.005) compared to the control group (17.54mm). Although not statistically significant, the DDTexposed group (18.55mm; P = 0.863) had a longer mean AGD; whilst the DDE-exposed group (17.33mm; P = 0.360) had a marginally shorter mean AGD compared to the control (Table 1) .
Body mass
The mean body mass (g) of the F1 males is summarized in Table 1 . The survey linear regression indicated no difference between the body mass of control group compared to the DDT-exposed group (Group B: P = 0.561), the DDE-exposed group (Group C: P = 0.317) and the mixture-exposed group (Group D: P = 0.499).
Liver
The mean liver mass was higher in the DDT-exposed group (P < 0.001), the DDEexposed group (P = 0.003) and the mixture-exposed group (P = 0.03). Compared to the control group (17.36g), the DDT-exposed group (21.16g) had the largest mean liver mass, followed by the DDE group (20.65g) and then the mixture-exposed group (19.45g) ( Table 1) .
Lipid droplet formation was observed in the liver tissue in the exposed groups. The DDEexposed group had the greatest presence of lipid droplets as well as abnormal cellular organization. The histology of the liver in the control group revealed no abnormal tissue morphology (Fig 2) . Relative liver weight of control group (4.028) was less than the DDT-exposed group (4.962, P <0.001), DDE-exposed group (4.837 P < 0.001) and mixture-exposed group (4.642, P = 0.001) was observed.
Male accessory glands and epididymis
A larger prostate mass was noted in the DDT-exposed group (1.02g; P = 0.018) compared to the control group (0.83g). Although not significant, the DDE-exposed group (0.82g; P = 0.858) had a lower prostate mean mass compared to the control group (Table 1) .
There was no difference between the mean seminal vesicle mass and the epididymal mass of the control group and the DDT-exposed group, the DDE-exposed group and the mixtureexposed group (Table 1) .
Testes
The mean testes mass of the DDT-exposed group (3.88g; P = 0.019), the DDEexposed group (3.95g; P = 0.047), and the mixture-exposed group (4.02g; P < 0.001) was significantly larger than the control group (3.684g). No difference between the mean relative testis weight of the control group (0.86) compared to the DDT-exposed group (0.89; P = 0.435) was observed. Relative testis weights in the DDE-exposed group (0.96; P = 0.036) and the mixture-exposed group (0.97; P = 0.016) were greater than the control group.
A histological examination of the testes showed selected seminiferous tubules containing dilated tubular lumens, marked detachment of the seminiferous tubule, necrosis in the interstitium, marked disorganization of the seminiferous epithelium with few germ cells present, reduced seminiferous tubule diameter with no lumen, absent seminiferous tubules and decreased cellularity of the seminiferous epithelium in the exposure groups (groups B-D) (Fig 3) . In the exposure groups, the changes in the size of the seminiferous tubule diameter, epithelium thickness and lumen diameter per stage of the spermatogenic cycle differed from the control (Figure 3) . Although all stages were present, seminiferous tubules There was no difference between the total cauda epididymal sperm count of the control group compared to the DDT-exposed group (P = 0.063), the DDE-exposed group (P = 0.685), and the mixture-exposed group (P = 0.090) ( Table 1) . Although not statistically significant, the mixture-exposed group (38.72x10 6 ) had the lowest total cauda epididymal sperm count.
There were higher testosterone concentrations in the DDE-exposed group (28.12nmol/L; P = 0.038) and the mixture-exposed group (28.612nmol/L; P = 0.023).
However, there was no statistically significant difference between the testosterone concentration of the control group (21.33nmol/L) compared to the DDT-exposed group (23.06nmol/L; P = 0.392).
Discussion
This study investigated the effects of life time exposure (in utero-, lactational-and direct) to environmentally relevant concentrations of EDCs present in a South African malaria area, using the rat model. The chemicals and doses were representative of a possible real-life exposure scenarios that males living in a malaria area may encounter throughout their development. Exposure to EDCs associated with common pesticides and agricultural chemicals resulted in significantly shorter AGDs in the mixture-exposed rats (group 4), significantly higher liver mass in the DDT-, DDE-and mixture-exposed rats (groups 2-4, respectively) and the presence of lipid droplets in the hepatic tissue. A significantly higher testicular mass was observed in the DDT-, DDE-and mixture-exposed rats, with testicular histology showing apical sloughing, reduced seminiferous tubule diameters and disorganization of the seminiferous epithelium. Additionally, a significantly higher total testosterone concentration was found in the DDE-and mixture-exposed rats.
In animals [27] and humans [28] the AGD is used as a marker for genital development [29] . The male AGD is generally twice as long as female AGD in several mammalian species [30] . The narrow masculinization programming window during prenatal development is sensitive to androgen action [31] . A shorter AGD in males indicates feminization and a disturbance in the androgen to estrogen ratio in the uterus [32] . The shorter AGD at PND 90 (this study) was observed in the mixture-exposed rats (group D)
which received technical grade DDT, DM, p-NP and phytoestrogens, all of which have estrogenic properties. The shorter AGD may be ascribed to lower androgen function during the hormone-sensitive male programming window [33] or postnatally [34] . Thus, the mixture of the substances used in this study may have had an additive or synergistic effect resulting in a shorter AGD in the mixture-exposed group (group D). A similar effect was observed in rats exposed to mixtures of pesticides commonly used in Denmark and Europe [35] . The testicular dysgenesis syndrome (TDS) includes cryptorchidism, hypospadias, poor semen quality and testicular germ cell tumors [36] . Since AGD is a biomarker of androgen action in fetal life that continues into adult life, it is now considered to be a part of the TDS [28] and may form part of routine human male reproductive health endpoints in future studies.
Enlargement of the liver is often reported in toxicology studies and is a useful marker of the effects of pesticides and their metabolites [37] . In this study, the mean liver mass in the exposed rats (groups B-D) was significantly higher than the rats in the control group (Table 1) , similar to reports in literature [38, 39] . The higher liver mass after exposure to environmentally relevant doses is concerning as enlargement of the liver is associated with hyperplasia ultimately leading to hepatocellular hypertrophy. Hepatocyte hypertrophy following chemical exposure is the most common cause of increases in absolute and relative liver mass [40] . Mild steatoses was observed in the liver tissue of the DDT-, DDE-and mixture-exposed rats (groups B-D, respectively) (Fig 2) . The mild steatosis may be ascribed to chemical interference with lipid mobilization during the formation of very low density lipids (VLDL) [41] . p,p'-DDE has been detected in VLDL of males occupationally exposed to DDT [42] suggesting that lipoprotein production is an EDC target. Thus life time exposure (in utero-, lactational-and direct) to EDCs may increase lipid synthesis in the hepatocytes and lead to steatosis, negatively affecting the functioning of the liver and general health.
Exposure to EDCs, particularly in utero exposure to DDT, results in altered fertility in adult rats due to increases in prostate mass and reductions in accessory organ mass [43] .
The higher prostate mass measured in the DDT-exposed rats (group B) ( Table 1) can be linked to permanent disruptions in prostate growth associated with elevated endogenous or exogenous estrogenic compounds [44] . Since technical grade DDT has estrogenic properties mainly due to the o,p'-DDT isomer [45] , the increase in prostatic growth in the DDT-exposed rats might be mediated through estrogen receptors and this needs further investigation. Rats exposed to DDE had smaller prostate glands than rats in the control group. This result was not significant, but interesting since the anti-androgenic effect of DDE in lowering the prostate mass has been reported before [46] .
The greater mean testicular mass in the DDT-exposed rats (group B); the DDEexposed rats (group C) and in the mixture-exposed rats (group D) ( Table 1) can be attributed to the dilation of the tubular lumen [48] . The Sertoli cell produces the seminiferous tubule fluid which is absorbed by the rete testis, efferent ducts and the epididymal epithelium [47] .
The tubular fluid volume is a function of the secretion and reabsorption rates in the rete testis and epididymis. Changes in these functions may manifest as dilated tubular lumens [47] increasing the testis mass. Both increases and decreases in testicular mass have been reported following exposure to various EDCs at various exposure durations and doses [48, 49] .
The pathogenesis of toxicant induced testicular injury, possibly leading to Sertoli cell toxicity can be investigated using histological methods [50] . In this study, all rats exposed to individual pesticides and mixtures of pesticides had dilated tubular lumens, marked detachment of the seminiferous tubule, necrosis in the interstitium, marked disorganization of the seminiferous epithelium with few germ cells present, reduced seminiferous tubule diameter with no lumen, absent seminiferous tubules and decreased cellularity of the seminiferous epithelium (Fig 3) . The seminiferous tubule diameters and seminiferous epithelium thickness of the exposed rats were also smaller particularly in the DDE-exposed (group C) and mixture-exposed rats (group D). Even though the seminiferous tubule diameter and the epithelium thickness of exposed rats was smaller, relatively larger luminal sizes were measured. Testicular histology studies investigating the effects of EDC exposures [8, 48] have associated larger luminal sizes with Sertoli cell toxicity which could negatively affect spermatogenesis. Lifespan exposure to EDCs at environmentally relevant concentrations used in this study may have the same negative effects on male fertility.
Despite the observed histological abnormalities, sperm counts of the exposed and control groups did not differ statistically (Table 1) . Exposure to DDT [9, 51] , DDE [51] , DM [8] and p-NP [48] should result in decreased sperm counts. While epididymal sperm counts are commonly used in reproductive toxicology [52] , only the number of sperm are taken into account and not the motility, morphology or any other exposure-induced defects. Although no significant change was observed in the sperm count, possible decreased motility and effects on sperm morphology cannot be ruled out.
Spermatogenesis is a hormonally dependent process that requires testosterone [53] .
Rats exposed to DDE-(group C) and mixture-exposed rats (group D) ( Table 1 ) had higher testosterone concentrations than control rats (group A) and DDT exposed rats (group B).
Higher serum testosterone concentrations have been recorded in male rats exposed to p,p'-DDE for 15 days [54] . Increases in steroid hormone binding globulin have been associated with estrogenic and anti-androgenic compounds and DDT uptake in men [54] . The increase in testosterone and SHBG could result from a 'functional' androgen deficiency [55] . Possible stimulation of the GnRH in the hypothalamus through a positive feedback loop could increase testosterone levels in individuals with suppressed androgen activity.
The "something from nothing" principle proposes that exposure to a single chemical may have no observed effects. However, when there is exposure to several of these chemicals in a mixture, significant effects may occur [18] . These mixtures may even have significant effects at lower concentrations than the "no observed adverse effect levels"
(NOAELS) reported for individual chemicals [35] . Although rats in the control group had significantly different endocrine sensitive endpoints to all exposure groups (Table 1) , differences were also observed within the exposure groups. Rats exposed to the chemical mixture had shorter anogenital distances, heavier livers, less sperm and smaller seminiferous tubules when compared to rats exposed to individual chemicals ( Table 1 
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